Abstract-The widely deployed cellular network, assisted with device-to-device (D2D) communications, can provide a promising solution to support efficient and reliable vehicular communications. Fast channel variations caused by high mobility in a vehicular environment need to be properly accounted for when designing resource allocation schemes for the D2D-enabled vehicular networks. In this paper, we perform spectrum sharing and power allocation based only on slowly varying large-scale fading information of wireless channels. Pursuant to differing requirements for different types of links, i.e., high capacity for vehicleto-infrastructure (V2I) links and ultrareliability for vehicle-tovehicle (V2V) links, we attempt to maximize the ergodic capacity of the V2I connections while ensuring reliability guarantee for each V2V link. Sum ergodic capacity of all V2I links is first taken as the optimization objective to maximize the overall V2I link throughput. Minimum ergodic capacity maximization is then considered to provide a more uniform capacity performance across all V2I links. Novel algorithms that yield optimal resource allocation and are robust to channel variations are proposed. Their desirable performance is confirmed by computer simulation.
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I. INTRODUCTION

V
EHICULAR communications have gained attention recently due to its potential to improve road safety and traffic efficiency, as well as provide richer infotainment (information and entertainment) experience on wheels [1] - [4] . The 3rd Generation Partnership Project (3GPP) and the European Union Mobile and wireless communications Enablers for Twenty-twenty (2020) Information Society (METIS) project, among other consortia and standardization bodies, are both coordinating efforts of various parties to enable highly efficient and reliable vehicular communications in future generation wireless networks [5] , [6] . As illustrated in Fig. 1 , infotainment applications and traffic efficiency messages generally require frequent access to the Internet or remote servers for media streaming, content sharing, etc., involving considerable amount of data exchange, and hence are ideally supported by the high-capacity vehicle-to-infrastructure (V2I) links. Meanwhile, safety-critical information, such as cooperative awareness messages (CAMs) and decentralized environmental notification messages (DENM) [1] , usually entails spreading safety related messages among surrounding vehicles either in a periodic or event triggered way. Hence, it is naturally supported by the vehicle-to-vehicle (V2V) links, which impose strict reliability and timeliness requirements. For example, the METIS project requires less than 5 ms of end-to-end latency and transmission reliability of 99.999% for message sizes of about 1600 bytes in such links [6] . IEEE 802.11p, also known as wireless access for vehicular environments (WAVE), is the de facto standard for vehicular communications based on ad hoc networks [2] , [7] . However, recent studies [1] , [8] , [9] show that it suffers from several challenges, such as scalability issues, potentially unbounded channel access delay, lack of quality-of-service (QoS) guarantees, etc., due to its physical and medium access control (MAC) layer design, which was originally optimized for wireless local area networks (WLAN) with low mobility. Moreover, due to its limited radio range and lack of pervasive road side infrastructure, IEEE 802.11p networks can only provide intermittent and short-lived V2I connections. In contrast, cellular networks provide wide coverage and exercise flexible centralized control over network resources, which guarantees optimal performance of the networks. Better still, proximitybased device-to-device (D2D) links, complementing the centralized cellular architecture, will provide direct local message dissemination with substantially reduced latency and power consumption, thus suitable for delay-sensitive V2V communications [8] . As a result, the D2D-enabled cellular networks represent a promising solution to enable highly efficient and reliable vehicular communications.
A. Related Work
The D2D communications have been the subject of much recent research endeavor [10] , [11] . D2D users can work in two different modes: the reuse mode and the dedicated mode, where D2D users share the same resources as the cellular users and occupy dedicated resources, respectively. The dedicated mode is easier to implement since it causes no interference to the existing cellular users while the reuse mode can further improve the spectral efficiency. Effective radio resource management (RRM) strategies need to be in place to properly coordinate mutual interference between cellular and D2D users in the reuse mode. In [12] , the transmit power of D2D users has been restricted such that interference inflicting cellular receivers is controlled when the D2D transmitter reuses cellular resources. An interference limited area control scheme has been proposed in [13] to protect D2D receivers from cellular interference, where D2D users are not allowed to share spectrum with a cellular user located in the interference limited area where the interference-to-noise ratio at the D2D receiver is above a predetermined threshold. In [14] , interference nulling has been introduced to control interference from the cellular link to D2D communications when multiple antennas are installed at the base station (BS). The sum rate of both cellular and D2D users has been maximized with a minimum rate guarantee for the cellular user in [15] for a network comprising only a single D2D pair and a single cellular user. For more practical scenarios with multiple cellular and D2D users, spectrum and power allocation design has been considered in [16] and [17] . In [16] , the D2D transmit power has been regulated by the BS such that the signalto-interference-plus-noise ratio (SINR) of D2D links is maximized while the interference experienced by the cellular link is kept at an acceptable level. Moreover, a three-step approach has been proposed in [17] to design power control and spectrum allocation to maximize system throughput with minimum SINR guarantee for both cellular and D2D links.
Conceivably, high mobility in a vehicular environment causes wireless channels to change rapidly over time [18] , [19] . Therefore, traditional methods of RRM for D2D communications under full channel state information (CSI) assumption are no longer applicable since it would be hard to track channel variations on such a short time scale. Applying the D2D technique to support vehicular communications thus calls for further investigation into novel RRM strategies to account for fast vehicular channel variations. Along this line, a heuristic location dependent uplink resource allocation scheme has been proposed in [20] for D2D terminals, which features spatial resource reuse with no requirement on full CSI, thus reducing signaling overheads. A framework comprising vehicle grouping, reuse channel selection, and power control has been developed in [21] to maximize the sum rate or minimally achievable rate of D2D users while restraining the aggregate interference to cellular networks. In [9] , latency and reliability requirements of vehicular communications have been transformed into optimization constraints computable only using large-scale fading information, and a heuristic algorithm has been developed to address the RRM optimization problem. In [22] , multiple resource blocks are allowed to be shared not only between cellular and D2D users but also among different D2D-capable vehicles.
B. Motivation and Contribution
As pointed out above, the majority of existing literature on RRM for traditional D2D communication systems assumes full CSI at the BS, which is unrealistic in vehicular environments due to rapid channel variations caused by mobility. For the few exceptions in, e.g., [9] , [20] - [22] , where only slow fading information is needed, the system capacity computation does not take into account fast fading effects and thus will not reflect real capacity performance of the network. As a result, the developed resource allocation schemes are generally suboptimal.
In this paper, we propose to support both types of vehicular connections, i.e., V2I and V2V links, under the D2D-enabled cellular architecture where the V2I connectivity is enabled by macro cellular link and the V2V connectivity is supported through localized D2D link to achieve the dual benefits of D2D-enabled cellular networks. We base resource management on slow fading parameters and statistical information of the channel instead of instantaneous CSI to address the challenges caused by the inability to track fast changing wireless channels. Moreover, we identify and incorporate into problem formulation differentiated QoS requirements for V2I and V2V links in correspondence with their supported applications. That is, high link capacity is desired for V2I connections while safety-critical information of V2V connections places greater emphasis on link reliability. Sum and minimum ergodic capacities (long-term average over fast fading) of V2I links are maximized with a minimum QoS guarantee for V2I and V2V links, where the V2V link reliability is ensured by maintaining the outage probability of received SINR below a small threshold. To the best of our knowledge, this is the first work that jointly considers the heterogeneous performance of V2I and V2V links and exploits only the largescale fading information of the channels for resource allocation while taking a rigorous treatment of small-scale fading effects.
The rest of the paper is organized as follows. The system model is introduced in Section II. Section III considers the sum V2I capacity maximization design with minimum QoS guarantee for V2I and V2V connections, whereas Section IV addresses the resource allocation problem to maximize the minimum V2I capacity. Computer simulation results are presented in Section V and concluding remarks are finally made in Section VI.
II. SYSTEM MODEL Consider a D2D-enabled vehicular communications network shown in Fig. 1 , where there exist M vehicles requiring high-capacity V2I communications, denoted as CUEs (cellular users), and K pairs of vehicles doing local V2V data exchange in the form of D2D communications, denoted as DUEs (D2D users). We note that all vehicles are capable of doing both V2I and V2V connections simultaneously, implying that CUEs and DUEs might refer to the same vehicle equipped with multiple radios in this article. We assume that all communicating parties in this paper are equipped with a single antenna. Denote the CUE set as M = {1, · · · , M} and the DUE set as K = {1, · · · , K }. To improve spectrum utilization efficiency, orthogonally allocated uplink spectrum of CUEs is reused by the DUEs since uplink resources are less intensively used and interference at the BS is more manageable.
The channel power gain, h m,B , between CUE m and the BS is assumed to follow
where g m,B is the small-scale fast fading power component and assumed to be exponentially distributed with unit mean, A is the pathloss constant, L m,B is the distance between the mth CUE and the BS, γ is the decay exponent, and β m,B is a log-normal shadow fading random variable with a standard deviation ξ . Channel h k between the kth D2D pair, interfering channel h k,B from the kth DUE to the BS, and interfering channel h m,k from the mth CUE to the kth DUE are similarly defined.
We assume that the large-scale fading components of the channel, i.e., the path loss and shadowing of all links, are known at the BS since they are usually dependent on locations of users and vary on a slow scale [9] . Such information can be estimated at the BS for links between CUEs/DUEs and BS, i.e., α m,B and α k,B , while for links between vehicles, i.e., α k and α m,k , the parameters will be measured at the DUE receiver and reported to the BS periodically. Meanwhile, each realization of the fast fading is unavailable at the BS since it varies rapidly in a vehicular environment with high mobility, whereas its statistical characterization is assumed to be known.
To this point, the received SINRs at the BS for the mth CUE and at the kth DUE can be expressed as
and
respectively, where P c m and P d k denote transmit powers of the mth CUE and the kth DUE, respectively, σ 2 is the noise power, and ρ m,k is the spectrum allocation indicator with ρ m,k = 1 indicating the kth DUE reuses the spectrum of the mth CUE and ρ m,k = 0 otherwise. The ergodic capacity of the mth CUE with the assumption of Gaussian inputs is then given by
where the expectation E[·] is taken over the fast fading distribution.
III. SUM CUE CAPACITY MAXIMIZATION DESIGN
In this section, we develop a robust spectrum and power allocation scheme to improve the vehicular communications performance while taking into account the unique characteristics of D2D-enabled vehicular networks. The proposed scheme depends solely on the slowly varying large-scale channel parameters and only needs to be updated every few hundred milliseconds, thus significantly reducing the signaling overheads than if directly applying traditional resource allocation schemes in vehicular networks.
Recognizing QoS differentiation for different types of links, i.e., large capacity for V2I connections and high reliability for V2V connections, we maximize the sum ergodic capacity of M CUEs while guaranteeing the minimum reliability for each DUE. In addition, we set a minimum capacity requirement for each CUE as well to provide a minimum guaranteed QoS for them. The reliability of DUEs is guaranteed through controlling the probability of outage events, where its received
The ergodic capacity of CUEs is computed through the long-term average over the fast fading, which implies the codeword length spans several coherence periods over the time scale of slow fading [23] . It should be noted that how close the system performance can approach the ergodic capacity ultimately depends on the temporal variation of the vehicular channels as well as the tolerable delay. Faster variation induces more channel states within a given period, which makes the system performance approach the computed ergodic capacity quicker as the codeword needs to traverse most, if not all, channel states to average out the fading effects. To this end, the radio resource allocation problem in vehicular networks is formulated as
where r c 0 is the minimum capacity requirement of the data rate intensive CUEs and γ d 0 is the minimum SINR needed by the DUEs to establish a reliable link. Pr{·} evaluates the probability of the input and p 0 is the tolerable outage probability at the physical layer of the V2V links. P c max and P d max are the maximum transmit powers of the CUE and DUE, respectively. Constraints (5aa) and (5ab) represent the minimum capacity and reliability requirements for each CUE and DUE, respectively. (5ac) and (5ad) ensure that the transmit powers of CUEs and DUEs cannot go beyond their maximum limit. (5ae) and (5af) mathematically model our assumption that the spectrum of one CUE can only be shared with a single DUE and one DUE is only allowed to access the spectrum of a single CUE. This assumption reduces the complexity brought by the complicated interference scenarios in D2D-enabled vehicular networks and serves as a good starting point to study the challenging resource allocation problem in vehicular networks. The proposed optimization problem represents a novel formulation that factors in the unique features of time varying channels of vehicular communications as well as differentiated QoS requirements for V2I and V2V links. However, this is a highly nonconvex optimization problem due to its combinatorial nature and the complicated objective function. We attempt to approach the optimization problem in (5a) in two steps inspired by [17] . First, we exploit the separability of power allocation and spectrum reuse pattern design by noting that interference exists only within each CUE-DUE reuse pair as dictated by the constraints (5ae) and (5af). Focusing on each pair of CUE-DUE, we study its optimal power allocation to maximize the ergodic capacity of the CUE with reliability guaranteed for the DUE. Second, we check the feasibility of each CUE-DUE pair against the minimum capacity requirement for the CUE, rule out infeasible pairs, and construct a bipartite graph to find the optimal spectrum sharing pattern between the sets of CUEs and DUEs using the Hungarian method [24] . We note that the proposed approach will lead to the globally optimal solution to the resource allocation problem in (5a) since it can jointly find the optimal spectrum sharing pattern between CUEs and DUEs among all possible options and yield the best power control strategy for each reuse pair in an efficient way.
A. Power Allocation for Single CUE-DUE Pairs
In this part, we study the optimal power allocation for each possible DUE and CUE reuse pair. Given an arbitrary spectrum reuse pattern, e.g., the kth DUE sharing the band of the mth CUE, the power allocation problem for the single CUE-DUE pair is simplified into
where the minimum capacity constraint for the CUE is temporarily left out and would be accounted for in the next step. We evaluate the reliability constraint for the kth DUE in the following lemma, proved in Appendix A, and then visually depict the feasible regions of the simplified single pair power optimization problem described above.
Lemma 1: The reliability constraint for the kth DUE, i.e. (6aa) in the proposed single pair power allocation problem in (6a), can be expressed as Considering P c m ≥ 0 and from (7), we obtain the zero-crossing point by setting f P d k = 0 as 1
It can be observed from (7) that f P d k is monotonically increasing with respect to the DUE power, P d k , in the range of P d k,min , +∞ . This observation makes intuitive sense as an increase of the DUE power would lead to a higher interference margin, implying the DUE is more tolerable to interference from the CUE.
With the closed-form expression for reliability constraint (6aa) given in Lemma 1, the feasible regions of (6a) are plotted in Fig. 2 , where P c d,max = f P d max and P d c,max = f −1 P c max . Note that P d c,max can be obtained through bisection search over the function f (·), which is a monotonically increasing function in the range of interest. As shown in the figure, the feasible regions are classified into two cases depending on the magnitudes of P c max and P d max . We now derive the optimal solution to (6a) in the following theorem, proved in Appendix B.
Theorem 1: The optimal power allocation solution to optimization problem (6a) is given by
, and
Theorem 1 yields the optimal power allocation for a single CUE-DUE pair that maximizes ergodic capacity of the investigated CUE and ensures reliability for its reusing DUE. As mentioned earlier, interference exists only within each reuse pair and the original resource allocation problem in (5a) to maximize the sum ergodic capacity of all CUEs has been decoupled into two major parts. The first part deals with the optimal power allocation for each single pair, which has been given by Theorem 1. The rest is to perform optimal spectrum reuse pair matching to maximize the sum ergodic capacity of CUEs while respecting all QoS constraints.
B. Pair Matching for All Vehicles
To this end, we have obtained the optimal power allocation for each CUE-DUE pair. In the next step, we need to eliminate those CUE-DUE combinations that do not satisfy the minimum QoS requirement for the CUE, i.e., (5aa), even when the optimal allocation scheme obtained from (9) is applied. The closed-form expression for the ergodic capacity of the mth CUE when sharing spectrum with the kth DUE, defined as
, is derived in the following lemma, proved in Appendix C.
Lemma 2: The ergodic capacity, C m,k P c m , P d k , of the mth CUE when sharing spectrum with the kth DUE is given by
where
t dt is the exponential integral function of the first order [25] .
Substituting the optimal power allocation (9) in (10) yields the maximum ergodic capacity achieved when the mth CUE shares its spectrum with the kth DUE, denoted as C * m,k . If it is less than r c 0 , then this combination cannot meet the minimum capacity requirement for the CUE. Therefore, such a CUE-DUE pair is not feasible and we set C * m,k = −∞, i.e.,
After evaluating all possible combinations of the CUE-DUE pairs, the resource allocation problem (5a) reduces to which turns out to be a maximum weight bipartite matching problem and can be efficiently solved by the Hungarian method in polynomial time [24] . From the above discussion, our algorithm to find the optimal solution to the resource allocation problem in (5a) for D2D-enabled vehicular communications can be summarized in Table I . 2 Supposing an accuracy of is required, the bisection search for the optimal power allocation of a single CUE-DUE pair as given in (9) requires log(1/ ) iterations. This leads to the total complexity of O(K M log(1/ )) to compute the optimal power allocation for all CUE-DUE pairs. The Hungarian method will solve the pair matching problem in O(M 3 ) time assuming M ≥ K . Therefore, the total complexity of the proposed algorithm is O(K M log(1/ ) + M 3 ).
IV. MINIMUM CUE CAPACITY MAXIMIZATION DESIGN
The sum capacity maximization design considered in Section III can ensure a high overall throughput from the network operator's perspective. However, it tends to be unfair from each CUE's point of view, especially for those vehicles experiencing bad channel conditions. In such a case, the CUEs with bad channel conditions will be sacrificed in exchange for the overall performance improvement. In this section, we will address this issue by maximizing the minimum capacity among all CUEs so as to provide a more uniform performance across all CUEs.
The proposed optimization problem is stated as
From [26] and [27] , this max-min optimization problem is guaranteed to reach the Pareto boundary where none of the CUEs' ergodic capacity can be improved without degrading other CUEs' ergodic capacity. This is a key concept in multiobjective optimization (MOO) and the max-min formulation in (13) is in fact a special case of the weighted Chebyshev objective function with all weights set to one, which is the safest choice in converting MOO to single objective optimization (SOO) while ensuring Pareto optimality [26] . As such, the solution to the proposed problem can be guaranteed to be Pareto optimal.
A. Resource Allocation Design
To solve the proposed resource allocation problem in (13), we make use of the optimal power control results given in (9) for each CUE-DUE pair and the closed-form ergodic capacity for each CUE derived in (10) , by acknowledging that interference only occurs within each CUE-DUE pair. Then the original problem in (13) is simplified into the following form
We further attempt to develop a low-complexity algorithm to solve the optimization problem in (14a) through exploiting the Hungarian method, which has polynomial time computational complexity. The proposed optimal resource allocation algorithm is listed in Table II and comprises two essential parts.
The first part checks in polynomial time whether an arbitrarily given number τ is above the desired optimal minimum ergodic capacity or not. It operates as follows.
• Initialize an all-zero matrix F of size M × K .
• Scan each element of the capacity matrix, {C * m,k }, obtained from Algorithm 1 and if it is less than τ , set the corresponding entry of F to 1 and leave it as 0 otherwise, i.e., ∀m, k,
• Apply the Hungarian method to F and return the lowest total cost, denoted as c, i.e., the sum of all the assigned elements. If c equals zero, all elements of such an assignment are no smaller than τ , or equivalently, τ is less than or equal to the desired optimal minimum ergodic capacity. Correspondingly, if c is greater than 0, then there exists no assignment that guarantees that all the assigned elements are no smaller than τ , i.e., τ is greater than the desired optimal minimum ergodic capacity. The second part starts with ordering all K M elements of the original capacity matrix, {C * m,k }, and then searches for the position of the optimal minimum ergodic capacity using bisection search based on the checking method derived in the (13) IN D2D-ENABLED VEHICULAR COMMUNICATIONS first part. Finally, the spectrum sharing assignment is what the Hungarian method yields when the bisection search ends. The major computational burden of the proposed algorithm lies in the generation of the capacity matrix, {C * m,k }, whose complexity is O (K M log(1/ )), the ordering of all elements in {C * m,k } whose complexity is O (K M log(K M)), and the bisection search for the optimal value based on the Hungarian method with complexity O M 3 log M if M ≥ K . Then the total computational complexity of Algorithm 2 amounts to
V. SIMULATION RESULTS In this section, simulation results are presented to validate the proposed spectrum and power allocation algorithms for D2D-enabled vehicular networks. We follow the simulation setup for the freeway case detailed in 3GPP TR 36.885 [5] and model a multi-lane freeway that passes through a single cell where the BS is located at its center as illustrated in Fig. 1 . The vehicles are dropped on the roads according to spatial Poisson process and the vehicle density is determined by the vehicle speed. The M CUEs and K DUEs are randomly chosen among generated vehicles, where DUE pairs are always formed between neighboring vehicles and the CUEs are assumed to have equal shares of the total bandwidth. The major simulation [5] , [28] TABLE IV CHANNEL MODELS FOR V2I AND V2V LINKS [5] parameters are listed in Table III and the channel models for V2I and V2V links are described in Table IV . Note that all parameters are set to the values specified in Tables III and IV by default, whereas the settings in each figure take precedence wherever applicable. The results in each figure are obtained from averaging a minimum of 10, 000 channel realizations and in particular, Fig. 4 is plotted with 1, 000, 000 channel realizations.
Figs. 3 demonstrates the sum and minimum ergodic capacities of CUEs achieved by our proposed algorithms with respect to a genie-aided benchmark based on a modified traditional D2D resource allocation scheme developed in [17] , 3 where accurate knowledge of instantaneous CSI for all links is assumed to be perfectly known at the BS. We note that in high speed vehicular environments, such full CSI assumption is by no means realistic, but it serves as an ideal reference to 3 The modification lies in replacing the original objective function to maximize the sum throughput of both CUEs and DUEs with the one to maximize the sum throughput of CUEs only, and the capacity and reliability constraints are equivalently transformed into SINR requirements. The same three-step method is then applied to solve the RRM problem. benchmark our proposed algorithms. It is observed that both sum and minimum ergodic capacities of CUEs achieved by both Algorithms 1 and 2 get larger if higher outage probability of DUEs is allowed. This is due to the fact that higher acceptable outage of DUEs renders them more tolerable to interference from CUEs, thus encouraging CUEs to increase their transmit powers. As a result, the CUE capacity grows larger. From Fig. 3(a) , the performance of Algorithm 1 is well close to the ideal benchmark scheme in terms of sum capacity at fairly low outage probability, e.g., p 0 = 0.1. As for the minimum CUE capacity shown in Fig. 3(b) , Algorithm 2 shows superior performance even over the ideal benchmark when the acceptable outage is a bit larger than 0.001. These are encouraging findings as the proposed resource allocation schemes make use of slowly varying large-scale fading parameters only and update every few hundred milliseconds. Nonetheless, they can achieve performance measurably close to the genie-aided benchmark scheme (or even surpass it if minimum capacity maximization is pursued), which requires accurate real-time CSI of all links and is inapplicable in a vehicular environment featuring high mobility. To demonstrate the superiority of our proposed scheme when only large-scale fading information is available at the BS, we compare in Fig. 4(a) the cumulative distribution functions (CDF) of the instantaneous sum CUE capacity achieved by Algorithms 1 and 2 against the SOLEN scheme developed in [9] . To achieve fair comparison, we exploit the method given in [9, Lemma 1] to generate an equivalent SINR threshold expressed in terms of large-scale fading parameters only. In addition, the minimum capacity requirement in the original problem formulation is not considered as there is no convenient way to convert such a constraint into an equivalent form to be used for the SOLEN scheme. We observe that the proposed Algorithm 1 achieves strictly better performance than the SOLEN scheme of [9] while Algorithm 2 has the worst performance when the maximum sum CUE capacity is the system metric. This validates the superior performance of the proposed Algorithm 1 in such cases. The reason for the performance gain of Algorithm 1 is twofold. The first is that Algorithm 1 takes a rigorous treatment of the smallscale fading effect when computing the capacity of V2I links, i.e., calculating the ergodic capacity in contrast to using only large-scale fading parameters to approximate the capacity as in [9] . The second reason is that the approach taken in [9] is not able to achieve exactly the targeted SINR threshold of V2V links, as illustrated in Fig. 4(b) , where an arbitrarily chosen DUE's instantaneous SINR of SOLEN is found to slightly exceed 5 dB (the desired threshold) at the targeted outage probability of 0.01. Meanwhile, our proposed Algorithms 1 and 2 achieve exactly 5 dB at the outage probability of 0.01. This translates to stricter reliability requirements of V2V links in SOLEN, thus reducing the feasible region of power control parameters and degrading the capacity of V2I links. These two aspects also form the major differences between our proposed algorithms and the existing one in [9] . However, we also notice that the performance gain of Algorithm 1 is minimal, which might be due to the insensitivity of capacity to the small-scale fading effect and the fact that the SINR overshooting of SOLEN is essentially small. Fig. 5 shows the sum and minimum ergodic capacities of all CUEs with an increasing vehicle speed on the road, respectively. From the figures, both sum and minimum CUE capacities decrease as the vehicles move faster. This is because higher speed induces sparser traffic according to the simulation setup, which would on average increase inter-vehicle distance and give rise to less reliable V2V links with lower received power. As such, less interference from CUEs can be tolerated given the maximum transmit power constraints of DUEs, which leads to less power being allocated to CUEs and decreases both their sum and minimum ergodic capacities. It also reveals that Algorithm 1 achieves higher sum ergodic capacity than Algorithm 2 while the reverse is true when comparing the minimum ergodic capacity. This makes sense since Algorithm 1 aims to maximize the sum ergodic capacity while Algorithm 2 takes the minimum ergodic capacity as its design objective. It is also interesting to note in Fig. 5(a) that an increase of maximum transmit power has a relatively constant impact on the sum CUE capacity performance of both Algorithms 1 and 2 with respect to the vehicle speed increase. However, this does not hold when we investigate the minimum CUE capacity as shown in Fig. 5(b) . At a low vehicle speed, a 6 dBm increase of the maximum transmit power brings significant gains for both Algorithms 1 and 2, e.g., some 40% increase at 60 km/h. In contrast, at a very high speed, e.g., 140 km/h, the power increase has limited impact, which is especially true when we focus on Algorithm 1 in Fig. 5(b) . Fig. 6 demonstrates the sum and minimum ergodic capacities of CUEs with respect to increasing SINR threshold for DUEs, respectively. We observe that in both cases, the investigated ergodic capacity will decrease when the minimum QoS requirement for DUEs grows large. Such performance degradation results from the reduced interference tolerability of DUEs due to an increase in their required SINR threshold, which will impose stricter constraints on the allowable transmit power of the pairing CUEs. Reduced transmit power of CUEs directly translates into a decrease of the sum and minimum ergodic capacities they are capable of achieving given all QoS constraints satisfied. It is also observed that a 6 dBm increase of maximum transmit power has roughly uniform impact on the sum CUE capacity with respect to growing γ d 0 while for the minimum CUE capacity, the impact gets smaller with increasing γ d 0 . Fig. 7 shows the impact of the number of active V2V links on the quality of V2I connections. From the figures, as there are more and more V2V links sharing V2I's spectrum, both the sum and minimum CUE capacities decrease due to the growing amount of interference generated from V2V links. From Fig. 7(a) , Algorithm 2 is more sensitive to the change of V2V numbers in terms of sum CUE capacity as evidenced from the steep slope of its sum capacity curve. As for the minimum CUE capacity in Fig. 7(b) , Algorithm 1 achieves dramatically degrading performance at first, e.g., around 50% decrease when K /M is doubled from 0.1 to 0.2. Then the performance gradually flattens. This is in contrast to Algorithm 2, where the minimum CUE capacity performance degrades gracefully with respect to growing interference generated from increasing numbers of V2V links. Again, it is worth pointing out that a 6 dBm increase of maximum transmit power uniformly increases the sum CUE capacity with respect to growing K /M while the impact gets weaker for the minimum CUE capacity with increasing number of active V2V links.
VI. CONCLUSION
In this paper, we have investigated the spectrum sharing and power allocation design for D2D-enabled vehicular networks. Due to fast channel variations arising from high vehicle mobility, instantaneous CSI is hard to track in practice, rendering traditional resource allocation schemes for D2D-based cellular networks requiring full CSI inapplicable. To address this issue, we have taken into account the differentiated QoS requirements of vehicular communications and formulated optimization problems aiming to design a resource allocation scheme based on slowly varying large-scale fading information only. Robust algorithms have been proposed to maximize the sum and minimum ergodic capacity of V2I links, respectively while ensuring reliability for all V2V links.
The current work is limited to allowing spectrum sharing within a single CUE-DUE pair while excluding more general spectrum reuse. Future works include relaxing such constraints and allowing multiple resource blocks to be shared by both V2I and V2V links, i.e., each resource block can be accessed by different V2I or V2V links and each vehicular link can exploit different resource blocks. The problem of optimal resource allocation will be studied accordingly.
APPENDIX A PROOF OF LEMMA 1 Given an arbitrary reuse pattern, e.g., ρ m,k = 1, and substituting the channel model (1) in (6aa), we derive the reliability constraint as 
where we have assumed that g k and g m,k are independent and identically distributed (i.i.d.) exponential random variables with unit mean. Rearranging the terms from the last inequality completes the proof. 
APPENDIX B PROOF
from which we can easily make the following observations 
which can be shown to monotonically increase with P = E log 2 1 + a X 1 + bY ,
where we denote g m,B and g k,B by X and Y , respectively, and 
Then, we obtain the ergodic capacity of the mth CUE as 
where we obtain (21) by using integration by parts and (22) follows from [25, eq. (3.352.4) ].
